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Edited by C. KalodimosA fascinating and largely unresolved question is
that of how productive biochemistry can actually take
place in the enormously complex sea of molecules
that is found in vivo. A protein or other biomolecule
must constantly search for needles in the cellular
haystack.
As biomolecules evolve to recognize their cognate
partners, a careful balance must be struck between
the twin parameters of affinity and specificity. Affinities
that are too high will preclude rapid responses and
turnover and the ones that are too low will obviously
not be useful. Specificitymust also be tuned differently
depending on the situation; for example, chaperonins,
must recognize a very diverse set of target proteins,
whereas many ion channels have evolved exquisitely
high specificity.
One area in which this balance of specificity
and affinity in the face of complexity is particularly
apparent is the sequence-specific recognition of DNA
by transcription factors. I personally never cease to be
amazed that these proteins are capable of locating
cognate binding sites in the nuclear melee on a
timescale that permits genes to be usefully regulated.
A typical mammalian transcription factor might
regulate the expression of a thousand or so genes,
binding to up to 5–10 sites in and around each target
gene. Thus, there might be ~10,000 biologically
relevant binding sites for a transcription factor in the
genome and many are likely to have fewer. Given
that there will be ~3,000,000,000 possible binding
sites for a human transcription factor but that about
90% of them might be inaccessible because their
involvement in chromatin structures, we could
imagine that the requirement is for it to locate the
0.003% (10,000 in 300,000,000) of those accessible
sites that are productive in the background of
N99.99% unproductive sites.
How can this unlikely sounding outcome be
achieved? Data, theory and simulations publishedatter © 2014 The Author. Published by Elsevover several decades and reviewed recently in Ref.
[1] suggest that the job is probably made more
tractable through the binding of these proteins to
non-cognate sites (non-specific binding), followed
by one-dimensional (1D or facilitated) diffusion of the
protein along DNA until the protein “strikes it lucky” by
locating a high-affinity cognate site. However, long
periods of 1D diffusion will actually slow the overall
search rate and it has been calculated that they must
be interspersedwith periods of 3D diffusion for optimal
searching [2].
Direct observation of 1D protein diffusion on DNA
has been made possible with the recent advent of
technology such as total internal reflection fluores-
cence microscopy. Such elegant single-molecule
studies, as well as NMR and kinetic measurements
carried out on bulk samples, have now been reported
for members of several classes of DNA-binding
proteins, including polymerases [3,4], restriction en-
zymes (e.g., Ref. [5]), DNA-repair proteins (e.g., Ref.
[6]) and transcription factors [7,8]. Taken together, they
seem to demonstrate that both hopping and sliding are
viable mechanisms for the one-dimensional travel of a
protein on DNA and also that direct transfers can take
place between remote sites—either on the same or on
different pieces of DNA.
How do transcr ipt ion factors recognize
non-cognate DNA sequences? There are obvious
technical difficulties associated with obtaining high-
resolution structural information on proteins contact-
ing non-cognate DNA sequences. However, a picture
is beginning to emerge that the overall geometry of
DNA recognition is conserved between cognate and
non-cognate interactions. An NMR structure of the lac
repressor (LacI) DBD (DNA-binding domain) bound to
nonspecific DNA [9] and NMR studies of both home-
odomain [7] and zinc-finger domains [10,11] show that
the canonical DNA-binding surface is used in non-
specific interactions.ier Ltd. All rights reserved. J. Mol. Biol. (2014) 426, 1370–1372
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analysis of ETV6 in the current issue of the Journal
of Molecular Biology. They show, using a combina-
tion of NMR and X-ray crystallographic analysis, that
the ETS domain of ETV6 uses helix 3 for recognition
of both cognate and non-cognate DNA and that the
mode of binding closely resembles that of other ETS
domains (e.g., Ref. [12]). Their data also show that
the C-terminal extension that acts to auto-inhibit the
binding of ETV6-ETS to cognate sites also inhibits
(albeit by a lesser amount) binding to the non-
cognate site, underscoring the similarity in binding
mode.
However, subtle differences also exist in some
cases. A hinge region in the LacI DBD that is
disordered in the free protein forms a helix upon
binding cognate DNA [13,14] but does not become
ordered upon binding non-cognate DNA. Further,
the orientation of the protein on DNA is tweaked so
as to maximize electrostatic interactions with the
backbone; several residues that make sequence-
specific hydrogen bonds in the complex with cognate
DNA instead interact with the backbone. In the case
of the three-zinc-finger protein EGR1, the N-terminal
zinc finger (ZF1) is significantly more dynamic than
the other two zinc fingers when the protein is bound
to non-cognate DNA, yet this motion is not observed
in complexes with specific DNA. Further, recent
quantitative single-molecule fluorescence data on
the 1D diffusion of p53 along DNA are best fit by a
model that requires the protein to exhibit two binding
modes with different affinities [8,15]. Consistent
with this observation, several distinct conformations
of p53 on DNA have actually been observed by
electron microscopy [16].
Intriguingly, these observations appear to sit nicely
with theoretical studies of the thermodynamics of 1D
diffusion. In particular, Mirny et al. have noted that
the depth of the energy landscape traversed by a
protein as it scans non-cognate DNA must be rather
shallow (of the order of less than ~1.5 kT) for the
scanning to be fast enough to be useful [2,17]. They
further note that, in contrast, the binding of the same
protein to its cognate site must be represented by a
rather deep energy well (greater than ~5 kT),
reflecting the specificity of the protein for that
sequence. How then can the landscape be both
deep and shallow? It is proposed that this apparent
paradox can be resolved if the protein is able to take
up two distinct conformations: one that is associated
with non-specific binding and one that is observed in
cognate interactions. The protein visits both of these
conformations stochastically and an adventitious
coming together of the latter conformation and a
cognate site will result in a productive complex with
biological activity.
Thus, the conformational versatility discussed
above might well be an important factor in allowing
a transcription factor to separate the wheat from thechaff. Of course, in many (if not all) cases, it is likely
that the protein will not switch between just two
conformat ions but wi l l rather exist as a
many-membered ensemble, in line with the fact
that the genome does not simply present cognate
and non-cognate sites but rather a continuum of
sites offering wide range of affinities. Having said
that, it may well be that a two-conformer model will
be sufficient in many cases to model the observed
behavior (as it appears to be for p53 [8]).
NMR data from several systems pinpoint an addi-
tional feature of binding to non-specific sequences. (De
et al., 2014–this issue) show that, although the
chemical shift changes observed for ETV6-ETS are
overall in the same direction for both specific and
non-specific complexes, the magnitude of the changes
is significantly smaller for the latter complex. We noted
a similar pattern in our analysis of the DNA-binding
properties of the zinc-finger protein ZNF217 [10] and
the spectra shown in the study of the HoxD9 home-
odomain [18] appear to tell a similar story. In each case,
the authors report that the protein is N90% saturated
with DNA, which means that the smaller chemical shift
changes do not arise from incomplete complex
formation. In part, the smaller chemical shift changes
probably reflect averaging of the values for the many
possible registers with which the protein can bind to the
DNA. However, the direction of change is also highly
correlated for specific and non-specific complexes,
meaning that the smaller overall changes might well
also be an indication that the non-specific complexes
are “looser” in nature; longer average distances
betweenprotein andDNAwill result in smaller chemical
shift perturbations. In support of this idea are the
observations of increased dynamics in the non-specific
HoxB9 [18] and ETV6-ETS (De et al., 2014–this issue)
complexes, as well as the minimal increase in H/D
exchange protection factors in the LacI DBD upon
binding non-cognate DNA [9]. Thus, a dissection of the
thermodynamics of non-specific protein–DNA com-
plexes might reveal enthalpically less favorable (and
entropically less unfavorable) contributions than spe-
cific complexes with similar affinities.
Most studies of 1D diffusion have been carried out
on naked DNA for simplicity. There is of course
substantial interest in understanding how the search
process takes place in the context of chromatinized
DNA. Measurements of the rate of 1D diffusion
reviewed in Ref. [1] yield numbers (~10−3 to 10−
1 μm2 s−1) are consistent with a model in which the
protein rotates around the DNA as it diffuses, but
clearly, this will not be possible in the presence of
nucleosomes, perhaps suggesting that hopping and
intersegmental transfer processes might dominate
sliding in eukaryotic systems. In this context,
Zandarashvili et al. note that the increased dynam-
ics of EGR1-ZF1 might help the protein to “sniff out”
nearby DNA sites, allowing EGR1 to bypass
nucleosomes in its search for a cognate site. Indeed,
1372 Transcription Factor Seeks DNAthis type of mechanism might constitute a general
feature of multidomain transcription factors.
As always, the test of whether we are on the right
track in understanding how DNA-binding proteins find
their target sites will come from making predictions
based on in vitro data and theoretical calculations
and testing these predictions in vivo. Such studies
are beginning to emerge. Snapshots of a single LacI
molecule in a living Escherichia coli cell [19] allowed
a search time of ~4 min to be estimated for a single
LacI molecule to find one target, in reasonable
agreement with simple theoretical predictions. The
search time would be effectively reduced if there are
multiple copies of the protein present in the cell. More
recently, the Elf laboratory have gone on to demon-
strate 1D diffusion by LacI in living cells, using a
simple but elegant experimental setup [20]. Intrigu-
ingly, they also show that strong binding of an
unrelated protein to a site near the cognate site for
LacI slows the rate at which LacI can find its target,
consistent with the idea that 1D diffusion (which is
hindered in one direction by the additional protein) is
important for optimal binding.
In summary, the promise of marrying theoretical,
in vitro and in vivo data to provide a quantitative
understanding of cellular processes such as DNA
binding is an exciting one that will open up new
vistas in areas such as cellular reprogramming and
synthetic biology. The structural data provided by De
et al., 2014–this issue in this issue further strengthen
our understanding of non-cognate DNA-binding
activity and brings us a step closer to this goal.Acknowledgements
The author thanks Merlin Crossley and Antoine
van Oijen for reading a draft of this commentary.
This is an open-access article distributed under the terms
of the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in
any medium, provided the original author and source are
credited.References
[1] Gorman J, Greene EC. Visualizing one-dimensional diffu-
sion of proteins along DNA. Nat Struct Mol Biol
2008;15:768–74.
[2] Mirny L, Slutsky M, Wunderlich Z, Tafvizi A, Leith J, Kosmrlj
A. How a protein searches for its site on DNA: the
mechanism of facilitated diffusion. J Phys A Math Theor
2009;42:434013.[3] Kabata H, Kurosawa O, Arai I, Washizu M, Margarson SA,
Glass RE, et al. Visualization of single molecules of RNA
polymerase sliding along DNA. Science 1993;262:1561–3.
[4] Harada Y, Funatsu T, Murakami K, Nonoyama Y, Ishihama
A, Yanagida T. Single-molecule imaging of RNA polymerase-
DNA interactions in real time. Biophys J 1999;76:709–15.
[5] Bonnet I, Biebricher A, Porte PL, Loverdo C, Benichou O,
Voituriez R, et al. Sliding and jumping of single EcoRV
restriction enzymes on non-cognate DNA. Nucleic Acids Res
2008;36:4118–27.
[6] Graneli A, Yeykal CC, Robertson RB, Greene EC. Long-
distance lateral diffusion of human Rad51 on double-
stranded DNA. Proc Natl Acad Sci U S A 2006;103:1221–6.
[7] Iwahara J, Clore GM. Detecting transient intermediates in
macromolecular binding by paramagnetic NMR. Nature
2006;440:1227–30.
[8] Leith JS, Tafvizi A, Huang F, Uspal WE, Doyle PS, Fersht
AR, et al. Sequence-dependent sliding kinetics of p53. Proc
Natl Acad Sci U S A 2012;109:16552–7.
[9] Kalodimos CG, Biris N, Bonvin AM, Levandoski MM,
Guennuegues M, Boelens R, et al. Structure and flexibility
adaptation in nonspecific and specific protein–DNA com-
plexes. Science 2004;305:386–9.
[10] Vandevenne M, Jacques DA, Artuz C, Nguyen CD, Kwan
AH, Segal DJ, et al. New insights into DNA recognition by
zinc fingers revealed by structural analysis of the oncoprotein
ZNF217. J Biol Chem 2013;288:10616–27.
[11] Zandarashvili L, Vuzman D, Esadze A, Takayama Y, Sahu D,
Levy Y, et al. Asymmetrical roles of zinc fingers in dynamic
DNA-scanning process by the inducible transcription factor
Egr-1. Proc Natl Acad Sci U S A 2012;109:E1724–32.
[12] Kodandapani R, Pio F, Ni CZ, Piccialli G, Klemsz M,
McKercher S, et al. A new pattern for helix-turn-helix
recognition revealed by the PU.1 ETS-domain-DNA com-
plex. Nature 1996;380:456–60.
[13] Spronk CA, Slijper M, van Boom JH, Kaptein R, Boelens R.
Formation of the hinge helix in the lac repressor is induced
upon binding to the lac operator. Nat Struct Biol
1996;3:916–9.
[14] Lewis M, Chang G, Horton NC, Kercher MA, Pace HC,
Schumacher MA, et al. Crystal structure of the lactose operon
repressor and its complexes with DNA and inducer. Science
1996;271:1247–54.
[15] Tafvizi A, Huang F, Fersht AR, Mirny LA, van Oijen AM. A
single-molecule characterization of p53 search on DNA. Proc
Natl Acad Sci U S A 2011;108:563–8.
[16] Melero R, Rajagopalan S, Lazaro M, Joerger AC, Brandt T,
Veprintsev DB, et al. Electron microscopy studies on the
quaternary structure of p53 reveal different binding modes for
p53 tetramers in complex with DNA. Proc Natl Acad Sci U S A
2011;108:557–62.
[17] Slutsky M, Mirny LA. Kinetics of protein–DNA interaction:
facilitated target location in sequence-dependent potential.
Biophys J 2004;87:4021–35.
[18] Iwahara J, ZweckstetterM,CloreGM.NMRstructural and kinetic
characterization of a homeodomain diffusing and hopping on
nonspecific DNA. Proc Natl Acad Sci U S A 2006;103:15062–7.
[19] Elf J, LiGW,XieXS.Probing transcription factor dynamics at the
single-molecule level in a living cell. Science 2007;316:1191–4.
[20] Hammar P, Leroy P, Mahmutovic A, Marklund EG, Berg OG,
Elf J. The lac repressor displays facilitated diffusion in living
cells. Science 2012;336:1595–8.
